Abstract
Almost all work to date has been in 2D, concentrating on forward modeling of systems at 171 different scales, and incorporating different levels of complexity in different part of the 172 models. For example, some models try to incorporate realistic two-component rheology 173 of the salt, while others use simple, temperature independent rheology. Other models 174 focus on a detailed description of the stress field in applied studies of hydrocarbon 175 reservoirs around salt domes, but only consider small deformations. Overburden rheology 176 is in some cases modelled as frictional-plastic with attempts to consider localized 177 deformation, while other models assume linear viscous overburden. Although most 178 models produce results which are in some aspects comparable with the natural 179 prototypes, it is at present unclear how the combination of simplifications at different 180 stages of the modelling might produce realistic-looking results. Therefore, numerical 181 modelling of salt tectonics is a rapidly evolving field which in recent years has started to 182 produce quite realistic results; however much remains to be done until the full complexity 183 of salt tectonic systems is understood. 184
Methods

185
While the above interpretation ( Figure 3 ) serves to illustrate the most important profiles, 186
it is important to keep in mind that the SOSB salt tectonics (Al- Barwani & McClay, 187 2008) is strongly non-plane strain and for a full understanding a 3D analysis and 188 modelling is required. So the models presented here are the first step towards full 189 understanding of stringer dynamics in this complex system. 190
In this study we used the commercial finite element modelling package ABAQUS for our 191 modelling, incorporating power law creep, elastoplastic rheologies and adaptive 192 remeshing techniques. 193
194
Model setup 195
To capture and explore the essential elements of the system, a simplified, generic model 196 (Fig. 4) was defined, based on the SW-part of the interpreted seismic line, between the 197 two major salt highs (cf. The duration and rate of deformation was estimated using thickness variations of the 208 overlying siliciclastic layers. The interpreted seismic line (Fig. 3) indicates that the Nimr 209 group, forming the characteristic pods in our study area, has the highest lateral thickness 210
variations. This suggests that the main salt deformation took place during the deposition 211 of the Nimr group. Therefore a deformation time of ~6.3Ma (2*10 14 s) was used. 212
213
An important tool to validate the models is to compare the calculated differential stress 214 with results of subgrain size piezometry using core samples of SOSB Ara salt samples 215 (Schoenherr et al, 2007a) . Table 1 In order to simplify the models we used a constant temperature of 50°C for the whole salt 244 body. This simplification is justified by the relatively small total thickness of the salt 245 layer which would result only in small temperature and rheological differences if a 246 realistic temperature gradient was applied. 247
The mechanical properties of the stringers used in the models are based on those of 248 typical carbonate rocks in the SOSB. The elastic properties are relatively well known, but 249 the fracture strength was determined experimentally on small samples. It therefore 250 remains difficult to extrapolate theses results to the scale of 10-100 m, which is relevant 251 for the models presented here. At that scale additional, less well known properties, like 252 small scale fracture density, have a strong influence on the fracture strength. 253
In our models we take a conservative approach and assume that the large scale fracture 254 strength is close to that of an undamaged carbonate rock. We therefore chose a Mohr-255
Coulomb fracture criterion with a cohesion of 35MPa, a tensile strength of 25MPa and a 256 friction angle of 30 degrees and the elastic properties E = 40 GPa and a Poisson ratio of υ 257 = 0.4. If we consider a thickness of the combined salt and sediment cover above the 258 stringer of around 1000m we obtain an absolute vertical stress of about 25MPa and 259 therefore , assuming hydrostatic pore pressure, an effective vertical stress of about 260 15MPa. Given these stress condition the relevant failure mechanism for the stringer is 261 tensile. We have therefore used a test comparing the minimum principal stress in the 262 stringer with the tensile failure strength to determine if the stringer is breaking during a 263 given time step. 264 
Iterative Scheme for Stringer Breaking 286
One of the main challenges of the current study is to model the breaking of the brittle 287 layers embedded in salt which deforms in a ductile manner. Full description of the 288 opening and propagation of a fracture and its filling with the ductile material is beyond 289 the capabilities of current numerical modelling. Therefore, we adopted a strongly 290 simplified, iterative procedure in ABAQUS to detect the onset of conditions of fracturing 291 and model the subsequent breakup of the stringers. 292
For this purpose an initial model is set up with the material properties in a gravity field. 293
The model is then run, i.e. the salt body is deformed, and the stresses in the stringer are 294 monitored. If the stresses in a part of the stringer exceed the defined failure criterion, the 295 simulation is stopped, the stringer is 'broken' by replacing the material properties of one 296 column of elements in the stringer by those of salt ( Figure 14 ) and the simulation is 297 continued until the failure criterion is exceeded again in another part of the stringer. 298
This procedure is repeated until the final deformation of the salt body is reached while 299 the stress in no part of the stringer is exceeding the failure criterion. 300
301
Adaptive remeshing of the model 302
The model contains material boundaries which in the standard FEM, need to be located at 303
an element boundary. Therefore deformations of the model in the model also require the 304 deformation of the FEM mesh. 305
The heterogeneous deformation of the salt body around the stringers leads locally to high 306 strains which therefore result in local strong distortions of the FEM mesh. However, if 307 the distortion of the mesh becomes too large, it can cause numerical instabilities and 308
inaccuracy. This process limits the maximum achievable deformation of a FEM model 309 with a given mesh. 310
To overcome these limitations we have used the built-in adaptive re-meshing routines of 311 ABAQUS to create new elements while mapping the stress and displacements of the old 312 mesh on this new one. Since in our model the mesh needs to deform to follow the moving 313 material boundaries, this would lead to mesh distortions which will eventually become 314 too large. After a certain amount of deformation, a new mesh is built according to the 315 new locations of the material boundaries and the field variables are mapped from the old 316 to the new mesh. Then the calculation is continued using the new mesh until another re-317 meshing step is needed. 318 folding and rotation of the stringers occurs around the ends of the boudins. 334
As described above, the Mohr-coulomb criterion and the values of the minimum 335 principal stress ( Figure 6 ) were used as a criterion for failure in the stringer. If the 336 criterion is exceeded, the stringer is broken at the location where the stress exceeds the 337 breaking strength as shown in Figure 7 . 338
We observe (Figure 8 ) that there is a stress shadow, i.e. an area where the differential 339 stress is smaller than in the surrounding region, in the salt underneath the stringer at the 340 location of the future break with a stress increase after the stringer breaks and the salt on 341 the two sides is in communication. In Figure 7 , we can also see that the fracturing 342 condition is reached due to both extension and bending of the stringers. There is no 343 further fracturing of the stringer between the 4 th break shown in Figure 5 , i.e. after the 344 displacement in the centre of the top salt has reached 310m, and the end of the 345 simulation which is at a central top salt displacement of 500m. 346
The salt flow around stringers leads to an extension which is dependent on the flow 347 patterns in the salt and length of the stringer fragments (Ramberg, 1955) . Therefore, if the 348 length of stringer is small enough, the stress can not exceed the failure strength so that no 349 further fracturing takes place. 350 Figure 9 shows contours of the differential stress σ1 -σ3 in the model. It can be seenthat the differential stress inside the salt is between ~600kPa and ~1.4MPa. This agrees 352 well with the differential stress of ~1MPa in Ara salt measured from subgrain size data 353 (Schoenherr et al., 2007a ). This suggests that our model and the boundary conditions 354 chosen are internally consistent. 355
Comparison of stress orientations during the different stages of model evolution (Figure  356 9) shows how principle stress orientations change due to the breaking of the stringer 357 (Figure 10 ). This is visible in the central part of the model. In step 1, the stress orientation 358 changes at the breaking part. On the top of the stringer, we can see that the orientation of 359 the principal stresses rotates by up to 90°. The same evolution can be observed in other 360 steps ( Figure 11 ). Before the break in the stringer occurs it can be seen in Figure 12 that 361 the flow pattern in the salt is organized in such a way that there is a particularly strong 362 horizontally diverging flow above the region of the stringer where the break will happen 363
It is also noticeable that flow in the salt layer between the basement and the stringer has a 364 much lower velocity than above, as expected for the dominantly Couette flow in this 365 region. After the stringer has been broken into two separate fragments the flow pattern is 366 reorganized as shown in Figure 13 . There is now a strong flow though the gap between 367 the two stringer fragments which are moving apart, leading to bending moments and 368 rotation of the stringers. Due to this movement there is now also a more rapid flow of the 369 salt in the relatively thin layer between the stringer and the basement rock. 370
Discussion
371
We presented an approach to numerically model the deformation and breakup of brittle 372 layers embedded in ductile salt. While full and comprehensive treatment of boudinage is 373 a very complex process, this approach is reasonably practical and seems to describe many 374 of the critical processes in the development of salt stringers. Although the basic principles 375 for the onset of boudinage have been recognized for a long time, much less is known of 376 the evolution of a set of boudins after their initial formation. The details of the evolution 377 of the boudin-neck and the evolution of pore pressure in the stringers (e.g. Schenk et al. The carbonate stringers embedded in the salt are modeled as brittle elastoplastic material 383 while the salt is modelled as non-newtonian viscous fluid (n=5). This is in contrast to 384 previous studies that have used viscous material for both the salt and the embedded rock 385 bodies (Weinberg, 1993; Koyi, 2001; Chemia et al., 2008) . In the numerical model of the 386 sinking anhydrite blocks on salt diapirs (Koyi, 2001), the anhydrite is given a 10 4 times 387 higher viscosity than the salt, however, both materials are considered as Newtonian (n=1) One key difference in the outcome of the simulations of the deformation of the rock 397 bodies embedded in salt between our work and previous numerical studies is that we 398 allow for breaking of the (brittle) stringers in our work whereas most previous numerical 399 studies have tended to produce folding or pinch-and swell of the (viscous) stringers. From 400 the results of the simulations presented in this work (Figures 5-12) , it can be seen that the 401 stringers deform in different ways depending on the local stress and strain conditions. In 
